A comprehensive investigation of the nitrogen cycle in the Delaware River was carried out using 15N tracers to measure rates for important transformations of nitrogen. Daily, depth-averaged 15N rates for the principal inorganic nitrogen species were consistent with rates derived from longitudinal profiles of concentration in the river.
Many rivers and coastal waters act as treatment facilities for large inputs of primary-treated sewage. Microbial processes convert the organic material and inorganic nitrogen to more oxidized forms. Water quality declines owing to low oxygen concentrations, phytoplankton blooms, and high turbidity due to sewage-derived suspended particulate material. Investigation of the nitrogen cycle in such systems must account for the complexity and dynamic nature of the various nitrogen transformations and for the influence of light (Lipschultz et al. 198 5; Stanley and Hobbie 198 1; Dugdale and Goering 1967; Garside 198 l) , dissolved oxygen content (Goreau et al. 1980; Lipschultz et al. 198 1; Lipschultz 1984) , and flushing rates (Wofsy et al. 198 1) .
Most investigations of nitrogen cycling have been focused on a restricted subset of metabolic processes, principally phytoplankton uptake of NH,+ and N03-. Recent studies, however, have emphasized the need to expand the number of processes under investigation in order to understand the nitrogen cycle in a system (e.g. see Glibert et al. 1982; Lipschultz et al. 1985; Olson 198 1; McCarthy et al. 1984) .
We describe here 15N tracer experiments on the Delaware River intended to permit ' This work was funded by NSF grant BSR 83-16359 and by EPA grant R8 10219-01-O to Harvard University.
identification of the important processes from an expanded set of nitrogen transformations and to relate the measured rates to observed changes in inorganic nitrogen concentration. Rates were integrated over depth and time to account for their sensitivity to light (Lipschultz et al. 198 5) . This permitted quantitative comparisons and identification of the principal processes in the ecosystem. Net production (or loss) rates were then calculated for each inorganic nitrogen species at seven stations along the river near Philadelphia, and net production rates derived from 15N incubations were compared to net rates derived from river concentration data using a mass conservation model. We thank L. Kerkhof for assistance in the laboratory and fieldwork and M. Zahniser for help in design and use of the emission spectrometer.
Methods
Samples were collected monthly in late summer 1983 from a small power boat. On each cruise, we occupied 32 stations on the first day over a 140-km stretch of river between Trenton and Artificial Island, New Jersey, spaced at about 5-km intervals to provide resolution finer than half of a tidal excursion. On three subsequent days, 15N tracer experiments were conducted at seven stations chosen to bracket the most polluted and metabolically active section of the river near Philadelphia (Fig. 1) . The 15N stations 701 hn ton are separated, approximately, by discrete tidal exchange volumes.
The sampling protocol and methods are described by Lipschultz et al. (1985) . Incubations were initiated by adding 15NH4+, 15N03-, or 15N02-to a 4-liter sample of river water. The sample was then partitioned into a series of 500-ml Pyrex bottles. At 0.25, 3, and 9 h after label addition, oxygen in the bottles was measured with a YSI polarographic electrode. The 500-ml samples were then filtered through precombusted Whatman GF/C filters, and filter and filtrate immediately frozen on Dry Ice. In addition to the series of 500-ml incubations, two 125-ml samples were incubated with added I 5NH4+ and particles collected at 0.5 and 1.5 h, in order to obtain higher time resolution for assimilation of 15NHq+ (see below).
Ammonium
was extracted from the filtrate with a nitrogen-free zeolite molecular sieve developed for ammonium removal in wastewater treatment (Union Carbide ION-SIV No. W-85). The powder was cleaned and activated by baking at 200°C for 2 h, then stored in a sealed container. A small quantity (35 mg) of molecular sieve powder was added to a 50-200-ml subsample, then recovered by filtration onto a precombusted, 2.4-cm GFK filter. The molecular sieve removed > 95% of the ammonium from waters with total cation concentrations 5 lOA M (Lipschultz 1984) . The filter and molecular sieve were then dried, first in a desiccator for several days and finally in a vacuum at 60°C for about 10 min. There was no detectable isotopic contamination from urea or amino acids. Background contamination was low and standard additions were used to monitor total contamination for all stations.
Nitrite was extracted from the filtrate with a modification of the azo dye procedure of Schell(l978; Lipschultz 1984) . The dye was extracted into two 5-ml volumes of l,l, ltrichloroethane and the extract washed once with 100 ml of 1 N HCl to remove aniline and once with 100 ml of 2 N NaOH to lower the concentration of P-naphthol in the solvent. To further reduce ,&naphthol in the extract, we evaporated the solvent to dryness at 50°C under continuous flow of helium and the dye redissolved in 100 ~1 of solvent and then transferred onto a precombusted 2.4-cm GFK filter.
Separation of N03-from the sample required destruction of N02-, then reduction of N03-to N02-and treatment as outlined above. A lo-ml subsample was incubated for 1 h with 10 ~1 of saturated sulfamic acid solution and 100 ,ul of 12 N HCl (Olson 198 1; Lipschultz 1984) . The pH was then adjusted to 7 with NaOH to inactivate the sulfamic acid, the sample diluted to 100 ml, and the N03-reduced to N02-by cadmium reduction (Strickland and Parsons 1972) . The lo-fold dilution was necessary to eliminate poisoning of the Cd columns by organic compounds in the river water. The resultant NOz-was extracted with the azo dye procedure. Standard additions were used to correct for variations in column efficiency and to check for contamination.
The separated nitrogen compounds on GFK filters were put in evacuated, sealed Vycor tubes with a 1 : 1 mixture (by wt) of CaO and Cu0 and converted to N, gas by combustion at 600" for 12 h (Lipschultz 1984) . Isotopic composition was determined by exciting the gas with a microwave discharge and analyzing the spectrum with an emission spectrometer designed for high precision and rapid sample throughput (Lipschultz 1984; Lipschultz et al. 1985) .
Nitrogen transformation rates were calculated from observed changes of pool size and isotopic abundance during the incubations. A least-squares analysis was used (Wentworth 1965; Bevington 1969) 
where Pi is the pool size for the ith reservoir (PM), (tj -tj-i) = Atj is the&h time interval. The mass balance Eq. 1 for 14N and 15N atoms can be combined into equations for change in isotopic ratio of a given reservoir:
where R' is the isotopic ratio for the labeled reservoir, Ri for the receiving reservoir, and
Ak the corresponding transformation between reservoirs. The equations were then converted to objective functions (F,) which are the residuals between observed and calculated changes in the concentrations or isotopic ratio. The functions are shown in Table 1; best-fit rates were found by varying the transfer rates Ak to minimize summed, squared residuals (Z:Fi2). Appropriate subsets of objective functions and transfer rates are used for each individual tracer addition.
Many transformations affect results for more than one tracer incubation; e.g. ammonium oxidation is measured directly by analysis of l 5N02-: 14N02-after 15NH4+ addition, but also affects measured isotope dilution in samples with added 15N02-. Thus, the requirement for mass balance provides a useful constraint, and in most cases we have used a composite analysis of all label incubations to derive best values for metabolic rates, A,,. However, the increased variance of a large data set also leaves a relatively large residual which can mask smaller rate constants. We therefore have presented results for minor processes (typically, < 10% of major processes) based on individual tracer additions, while larger rates are taken from the composite analysis.
Occasionally a lack of consistency was ob- Isotope ratio changes
R, = NH4+ isotopic ratio R, = NO,-isotopic ratio Other symbols defined above.
R, = PN isotopic ratio R, = NO,-isotopic ratio n.a. = natural abundance served between the different label incubations, as indicated by increased error estimates and poor fits between observed and predicted values in the composite analysis. These variations appear to represent differing biological activity between water samples receiving different tracer additions. In these few cases, we adopted rates from the individual label addition giving the most direct result.
We evaluated the net effects of light on metabolic rates for the ecosystem by integrating observed rates over 24 h and over depth with the procedure given by LipSchultz et al. (1985) . The rate of a metabolic process was assumed to be linearly proportional to light for irradiance, I, between zero light and a saturation value, Z,, with a constant rate for I > Ik. The incubation at 40% surface irradiance gave an estimate for the rate for Z > I,, and the dark-bottle incubations gave the rate for I = 0. The saturation irradiance Ik was determined for NH4+ oxidation, NH, + uptake (Lipschultz et al. 1985), and oxygen production at two sta-with an increase of nitrite (Fig. 3) . Chlotions-one upstream (buoy No. 5 5) and one rophyll a increased but then declined; phydownstream (Tinicum Island): the values toplankton is apparently light-limited for Ik (-200-250 PEinst m-2 s-l) did not throughout this section of the river due to vary appreciably.
Moreover the derived turbidity from the sewage plants (Wofsy rates for the total water column were rela-1983; Lipschultz et al. 1985) . The longitutively insensitive to variations in Ik, due to dinal distribution for NH4+ reflects inputs the high turbidity of the water (i.e. much of from sewage plants (10, 45, 55, 65 , and 95 the water column is dark). The value Ik = km) as well as water column and benthic 200 PEinst rnd2 s-' was therefore used in processes. The Schuykill River, which all calculations.
The integrations require merges with the Delaware River about 66 knowledge of river depths (2,) determined km below Trenton, consistently had NH,+ from navigation charts and light extinction levels 2-3 times higher than the Delaware, coefficients (kT) from Secchi disk observawhile N03-levels were slightly lower ( Fig.  tions. 3).
Results
Sequential oxidation of NH,+ to N03-was observed as the water moved past Philadelphia in all three surveys (Fig. 3) . Decreased oxygen concentration coincided Oxygen concentrations in the incubation bottles typically changed linearly with time, and oxygen production increased with light intensity (Fig. 4) . Net oxygen production required light levels 2 5% of the light level just below the surface (lo). Inhibition of photosynthesis was apparent however after 4 h at 650 PEinst rnb2 s-l (75% lo) during August. The Ik value for oxygen production was about 250 PEinst m-2 s-l at both stations on all dates surveyed. Ammonium oxidation (Fig. 5 ) and uptake rates (Fig. 6) were both significantly different in light and dark incubations. Dark uptake rates for NH,+ were about 15% of the maximum rate in the light. The highest uptake rates were in samples taken near the maximum chlorophyll in the river. Uptake rates were not linear over the entire timecourse in July and August, due to isotopic equilibrium between the labeled NH,+ pool and the active fraction of the particulate pool, to possible substrate depletion, or to photoinhibition.
However NH,' uptake was linear for the first 3 h, as shown by comparing uptake rates from 3-h data in 500-ml bottles with the measured particulate isotopic ratios from the 125-ml samples incubated for shorter periods. All assimilation rates reported here are therefore based on data from the first 3 h for incubations in July and August. In September, rates were much lower and were linear over the entire period, and in this case we used data for all three time points.
Nitrite oxidation rates were greater in the dark than in the light in July but not in the other 2 months (Fig. 7) . Many of the N02-oxidation rates shown were computed by the composite analysis in the absence of measurable isotopic transfer, i.e. the results depended on measured pool sizes and on mass balance considerations. The very large nitrate pool made it difficult to observe transfer of 15N from 15N02-.
Nitrate uptake was significant only in the light (Table 2) and at stations where NH,+ concentrations were relatively low (Fig. 8) . to total nitrogen uptake in the light increased rapidly. Several nitrogen transformations did not exhibit any apparent correlation with light. Ammonium regeneration showed no consistent effect (Fig. 9) , although the rate measurement had larger associated errors than most of the other determinations. Nitrite reduction to ammonium occurred episodically and the rates were relatively low (Table  2) . When dissimilatory reduction did occur, there was no correlation with low oxygen conditions. Nitrate was reduced to nitrite in both light and dark at some stations (Table  2) ; again, however, the rates were generally low compared to oxidative processes.
Calculation of net ecosystem rates of change for each inorganic species required conversion of rates for each process to daily, water-column-averaged rates. These rates were then algebraically summed, based on the model in Fig. 2 . Rates for particulate uptake of NH,+ and N03-and for NH,' oxidation were integrated as discussed by Lipschultz et al. (1985) to account for the strong effect of light on these processes. Rates for NOz-oxidation, N03-reduction, and NH,+ remineralization were taken as averages of light-and dark-bottle rates. The rates for net production (or loss) of NH,+ and oxidized nitrogen in the river are given in Table 3 , along with the experimental data used to obtain these values.
Discussion
The nitrogen metabolism of the ecosystem controls concentration changes of nutrients along the river and with time. The observed distribution of each nutrient reflects the sum of many individual processes, each directly measurable by tracer techniques. It should, therefore, be possible to sum measured rates and to duplicate the observed nutrient distributions as a check on the validity of the 15N procedures. An accurate simulation is made difficult, in general, by incubation and sampling errors and by the difficulty in accounting for the influence of light and other environmental factors such as temperature, oxygen concentration, and exogenous inputs.
Fortunately, several characteristics of the Delaware River system reduce the influence of these problems. The high nutrient concentrations permit the addition of significant quantities of tracers without perturbing nutrient levels, thus minimizing incubation and sampling errors. Since uptake of oxidized nitrogen is minimal and rates for reductive processes are small relative to nitrification, there are relatively few important transformations.
Concentrations of NOzand N03-in sewage effluent are much lower than that of NH4+, and nitrification appears to be the single major source of oxidized nitrogen. Finally, the hydraulics of the Delaware River are relatively straightforward.
In order to evaluate the accuracy of the calculated net rates in duplicating the observed nutrient distributions, we used the nutrient distribution itself (Fig. 3) to calculate independently the rates required to reproduce the observed nutrient profile. A steady state, one-dimensional, advectiondispersion model of the river was developed to compute net production rates: T = (production -loss + sources)
= -&(Qc) + -& AK~ ( ) (3)
where T, the chemical tendency within each volume element, accounts for water column net production (or loss) plus sources such as treatment plants and benthic inputs. The first term on the right-hand side is the advective term, calculated from observed concentrations (C) and the river flow rate (Q) taken from USGS gauging data. The next term, the dispersion term, is computed from the derivative of C, the cross-sectional area, A, and K, the dispersion coefficient at location x along the river. We derived dispersion coefficients from river geometry and tidal exchanges using a single parameter model for the whole river system (Fox and Wofsy 1983) with the parameter adjusted to reproduce data from dye release studies and salinity measurements. The details of the dispersion model will be given elsewhere.
The finite-difference form of Eq. 3 and observed concentrations for each volume element generate a matrix which, in principle, allows calculation of T by a leastsquares procedure. However, the matrix is ill-conditioned since it permits sharp oscillations in T over short distances. As rapid changes in river metabolism over a few kilometers are unlikely, we added an additional constraint to the matrix which incorporated a penalty for large changes in T between adjacent volume elements. The problem was then properly constrained and was solved by using a least-squares procedure, adjusting values of T to obtain a smooth fit to the observed data. The rates (T) derived in this way are insensitive to the details of the objective function (penalty) used for smoothing.
Correspondence was excellent between rates derived from 15N incubations (Table  3) ( Fig. 10) . Nitrification acts as a net loss of NH,+ and oxidized nitrogen accumulates. Rates for NO;!-reduction were low, with nonzero values observed only sporadically, and there was insufficient light for substantial net assimilation by phytoplankton. The close correspondence between the two independently calculated sets of rates suggests that benthic influence on NOz-and N03-was minimal, since, as discussed earlier, point sources of these species are quite small in the study area. This conclusion is supported by preliminary results from benthic exchange experiments conducted by S. Seitzinger (pers. comm.) who observed N03-consumption downriver, and production upriver of our study area, but negligible net exchange in the main portion of the tidal river studied here. Mixing with Delaware Bay waters of low N03-content was probably the dominant process lowering nitrate levels downriver more than 100 km from Trenton. * Column 5 = col 1 -(co1 2, 3, 4). tColumn 8 = co1 2 + 6 -(co1 I, 7).
Comparisons with results from September were considerably less satisfactory. The river may have been perturbed by a storm which greatly increased river flows just before our sampling. Increased runoff could affect light penetration, dilute upstream concentrations, and overload the sewage treatment facilities leading to discharge of raw waste. Hence the river would probably not be in steady state and the analysis using Eq. 3 would be invalid.
We expected the derived chemical tendencies for NH4 + transformations to be strongly influenced by sewage inputs and by benthic regeneration, in contrast to the situation for oxidized inorganic nitrogen. Records for Kjeldhal-N and NH,+ for the major sewage treatment plants (Delaware River Basin Commission) suggest that a large fraction (50-100%) of the effluent nitrogen was NH4+, with concentrations near 1 mM. Effluent flow from the three Philadelphia plants alone accounted for 15% of the river flow during the summer, and the inputs of NH,+ are evident as spikes in the longitudinal NH,' profile ( Figs. 3 and 11) . A further complication was our inability to obtain precise values for remineralization rates (Table 3) , leading to large errors in the estimates for net production of NH4'. Stations with the best 15N data show net rates generally close to estimates of the chemical tendency in July and August. Rates for net NH4+ loss downriver of the sewage input region correspond well with the observed nitrification rates discussed above. Particulate uptake of NH4+, while of comparable magnitude to nitrification, appeared to be balanced by in situ remineralization, so that regeneration of NH,+ may have a major influence on concentrations of NH4+, comparable to or larger than sewage inputs. The results again suggest that sedimentary inputs of NH4+ in the study region are min- imal, in agreement with preliminary data from benthic studies (S. Seitzinger' pers. comm.).
The Delaware River exhibits a classic oxygen sag in the region near Philadelphia (Fig. 3) . The oxygen budget for the river includes water column production and consumption, as measured in our incubations, benthic exchange, and a large additional flux due to air-water exchange. We used a formula from Fortescue and Pearson (1967) to estimate the last:
Here z is river depth, D is the molecular diffusion coefficient, V the mean tidal current velocity, and T is the characteristic (e-folding) time for gas exchange between air and water. The flux of O2 is then given by AC x z/r, where ACis the oxygen deficit. Values for T vary along the river but are in the range of 6 days or less. The O2 tendency calculated from Eq. 3 agrees well with net community oxygen rates estimated from the incubations, as shown in Table 4 and Fig.  12 . Photosynthetic oxygen production produces relatively little oxygen relative to demand, and the dominant balance is between air-water exchange and net community oxygen demand. The good agreement between the oxygen exchanges calculated from Eq. 3 and 4 and the measured rates from incubations indicates that air-water exchange rates from Eq. 4 are approximately correct.
Oxygen concentrations typically decline in rivers downstream of sewage inputs, and great interest attaches to the relative contribution of nitrification to the observed depletion. Reports by Tuffey et al. (1974) , Cirello et al. (1979) , and Matulewich and Finstein (1978) suggest that the site of active nitrification in rivers may be at the bottom, rather than in the water column. In the Delaware, however, water-column processes account for most of the oxidation of NH,+ to NOz-and N03- (Fig. 10) . NH,+ oxidation represents a small percentage of the total oxygen demand in the regions of the river where the oxygen sag is developing (Table  4 , Fig. 3) , even though nitrification rates are large. However, as oxygen levels begin to increase downstream, due to atmospheric exchange, nitrification becomes increasingly important.
Nitrification generally accounted for about 25% of the total oxygen demand in this segment of the river, with the remainder apparently due to heterotrophic respiration and methane oxidation. Hence nitrification serves to extend the oxygen sag, but plays only a minor role in its development.
The decline in NH,+ oxidation rates in the region of Philadelphia (Figs. 5 and 11) corresponds to apparent inhibition of nitrification in this region of the river, a phenomenon which has generated considerable interest (cf. Tiedemann 1977) . Goreau et al. (1980) showed that reduced oxygen concentrations greatly increased growth efficiency for nitrifying bacteria while growth rates were unaffected. Hence, in the low-oxygen regions, we might expect nitrifiers to continue growth while converting relatively small quantities of NH,+ to NO,-. On the basis of the data of Goreau et al., the oxygen decline near Philadelphia (from about 7 to 2 mg 0, liter-' or lower) might be expected to cause a twofold to threefold decrease in the rate of NH,+ oxidation per cell, attributable to increased metabolic efficiency rather than to true inhibition of the organisms. The reduced rates of nitrification near Philadelphia are in fact consistent with this explanation. The nitrifier population would be expected to increase throughout the oxygen sag so that the net rate of oxidation would be poised to increase sharply as oxygen levels started to rise, again consistent with observations.
The particulate demand for inorganic nitrogen was satisfied mostly by uptake of NfL+, even where N03-levels exceeded concentrations by a factor of 50. Nitrate uptake approached 25% of the total nitrogen ration uptake in the light-bottle incubations at low NH,' concentration ( Fig. 8) , a pattern typical of phytoplankton uptake in coastal (McCarthy et al. 1975 (McCarthy et al. , 1977 and lake waters (McCarthy et al. 1982) . Nitrate uptake was completely suppressed (< 1% of NH4+ uptake) in light bottles where NH,+ concentrations exceeded about 5 PM. In contrast, in less polluted systems, inhibition is generally complete above 2 PM NH,+ although N03-uptake continues at low levels (McCarthy et al. 1975; Garside 198 1) .
Comparison of integrated uptake rates to total uptake, however, shows the strong influence of high turbidity. Nitrate uptake actually contributed < 25% to particulate uptake even under low ammonium conditions, reflecting the negligible nitrate uptake in the dark bottles. As pointed out by Lipschultz et al. (1985) , dark uptake in natural systems becomes increasingly important as the optical depth of the mixed layer increases. Although the precise ratio of dark-to-light nitrate uptake can vary widely in different environments (e.g. MacIsaac and Dugdale 1972; Eppley et al. 197 1; Laws and Caperon 1976; Conway and Whitledge 1979) , nitrate uptake in the dark is typically less than ammonium uptake (Nelson and Conway 1979; Dugdale and Goering 1967; Liao and Lean 1978) . Thus, rates of nitrate uptake may be expected to be quite small in many turbid systems.
Dissimilatory reduction of N02-to NH,+ (rather than N2) occasionally occurred in the river (Table 2) , but this process rarely made a major contribution to regeneration or to loss of oxidized nitrogen. This observation contrasts with reports of consistently high rates of NOz-reduction in aerobic waters of the Chesapeake Bay (McCarthy et al. 1984) . Reduction of nitrate to nitrite by phytoplankton is coupled to nitrate uptake and has been variously reported to increase (Olson et al. 1980) and to decrease in the light (Vaccaro and Ryther 1960) . Reduction of N03-to NOz-in the Delaware (Table 2) showed no apparent correlation with light and reached significant proportions only in August.
Conclusions
Quantitative assessment of the nitrogen metabolism of a sewage-impacted river clearly identified NH,' oxidation as the major process affecting observed distributions of NOz-, N03-, and NH,'. Nitrification was (Table 4) with chemical tendency (productionloss) required to reproduce observed concentrations of oxygen. Symbols as in Fig. 10 . Dotted line indicates magnitude of air-water exchange of oxygen, with sign reversed to facilitate comparison with ecosystem consumption rates. Note the dominant balance between (negative) gross primary production and input via reaeration. Rapid changes in the air-water exchange term reflect variations of mean depth (see Eq. 4). the major loss process for NH4+, leading to formation of N02-and N03-which was exported from the study area. Ammonium uptake and regeneration rates were also significant, but they approximately cancelled each other. These conclusions were substantiated by net transformation rates calculated from a mass conservation model. The simultaneous application of these two independent methods provided complementary information since the tracer method reveals individual transformations while the conservation model gives aggregated net transformation rates for major species. Net community production of oxygen was strongly negative, creating a classic oxygen sag. Oxygen was primarily resupplied by invasion from the atmosphere. Input due to photosynthesis was negligible. About 1% of the net oxygen demand was attributable to ammonium oxidation near Philadelphia, but as total oxygen demand slackened further downstream, nitrification accounted for > 20% of oxygen consumption. An apparent decline in nitrification rate may be due to increased metabolic efficiency of ammonium oxidizers at low oxygen levels. On the downstream side of the oxygen sag, the process appears to reverse.
Nitrate uptake in light-bottle incubations reached about 25% of total nitrogen uptake only when ammonium concentrations were low. This pattern is consistent with data from other systems. The actual contribution of nitrate to the nitrogen ration of the ecosystem was considerably smaller due to the low average light level in the river, since nitrate uptake rates in the dark were very low. This result emphasizes the importance of assessing uptake in the dark.
This study reveals several important characteristics of nitrogen metabolism in the Delaware River that are likely to be applicable to other sewage-impacted systems. Assimilation of reduced nitrogen by primary producers was not a major sink for inorganic nitrogen because the high turbidity limits phytoplankton biomass. Turbid water also protects nitrifling organisms from the inhibitory effect of sunlight, and these organisms, therefore, oxidize most of the reduced nitrogen which enters the river in sewage. The resulting nitrate is not utilized and is exported from the area. Oxygen depletion appears to reflect heterotrophic respiration rather than nitrification; hence improved sewage treatment could greatly diminish the extent of the sag solely by removing organic carbon. If improved treatment reduced turbidity in the river, however, it could lead to dramatically enhanced chlorophyll levels, which at present are limited by the availability of light for growth.
